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Observation of a Transition from BCS to HTSC-like Superconductivity in
Ba1−xKxBiO3 Single Crystals
G.E. Tsydynzhapov, A.F. Shevchun, M.R. Trunin, V.N. Zverev, D.V. Shovkun, N.V. Barkovskiy, L.A. Klinkova
Institute of Solid State Physics RAS, 142432 Chernogolovka, Moscow dstr., Russia
A study of temperature dependences of the upper critical field Bc2(T ) and surface impedance
Z(T ) = R(T ) + iX(T ) in Ba1−xKxBiO3 single crystals that have transition temperatures in the
range 6 ≤ Tc ≤ 32 K (roughly 0.6 > x > 0.4) reveals a transition from BCS to unusual type of
superconductivity. Bc2(T ) curves corresponding to the crystals that have Tc > 20 K have positive
curvature (like in some HTSC), and those of the crystals with Tc < 15 K fall on the usual Werthamer-
Helfand-Hohenberg curve. R(T ) and X(T ) dependences of the crystals with Tc ≈ 30 K and Tc ≈
11 K are respectively linear (like in HTSC) and exponential (BCS) in the temperature range T ≪ Tc.
The experimental results are discussed in connection with the extended saddle point model by
Abrikosov.
INTRODUCTION
Ba1−xKxBiO3 compound undergoes a series of phase
transformations on potassium doping. The base com-
position BaBiO3 should be a metal with the half-filled
conductivity band according to the band structure cal-
culations [1]. However, it turns out to be an insulator
due to the formation of a charge density wave (CDW),
which distorts its perovskite lattice to monoclinic. The
insulating state extends up to x ≈ 0.4, while the mono-
clinic symmetry is changed by the orthorhombic one at
x ≈ 0.13. At the transition into metallic phase (x > 0.4)
the lattice become cubic and no structural transitions is
observed on further increase of x [2]. Deformations of the
lattice are small and it remains quasi-cubic for the whole
range of x.
Metallic Ba1−xKxBiO3 is a superconductor. The su-
perconducting transition temperature of optimally doped
Ba1−xKxBiO3 (x ≈ 0.4) is rather large — Tc ≈ 32 K,
— and it is usually considered to be a HTSC. However,
Ba1−xKxBiO3 contains no transition metal atoms, has
no counterparts for CuO2 planes, and its properties are
isotropic.
One of the striking features that are common for
cuprate HTSCs and Ba1−xKxBiO3 is the positive curva-
ture of the upper critical field temperature dependence
Bc2(T ) as determined by transport measurements. In the
case of optimally doped Ba0.6K0.4BiO3 it was observed
in [3, 4], and, as noted in [5], the temperature depen-
dences of Bc2(T ) of Ba0.6K0.4BiO3 and Tl2Ba2CuO6 [6]
or Bi2Sr2CaCuO8 [7] are coinciding if plotted in re-
duced scales. It is well-known that measurements of
the upper critical field of HTSC using different meth-
ods produce inconsistent results; the same is true for
Ba0.6K0.4BiO3 [8, 9].
Another common property of cuprate HTSCs and
Ba1−xKxBiO3 is the linear dependence of both compo-
nents of the complex surface impedance Z(T ) = R(T ) +
iX(T ) on temperature in T < Tc/2 range [12], which is
typical for d-wave symmetry of the order parameter. It is
important to bear in mind that results concerning elec-
tromagnetic properties of Ba1−xKxBiO3 are often con-
flicting because of difficulty of the production of high-
quality samples: even Ba1−xKxBiO3 crystals grown in
the same conditions frequently differ in composition and
homogeneity.
In the present paper we study evolution of Bc2(T ) de-
pendences for a series of Ba1−xKxBiO3 crystals (0.4 <
x < 0.6) with Tc values from 32 to 6 K and find that as
x decreases (which corresponds to increasing Tc) a tran-
sition from BCS to HTSC-like superconductivity takes
place. The conclusion is confirmed by measurements of
the surface impedance R(T ) and X(T ) in the highest
quality crystals of Ba1−xKxBiO3 with Tc = 11 K and
Tc = 32 K.
SAMPLES AND EXPERIMENT
Making of high-quality single crystals of Ba1−xKxBiO3
with uniform distribution of potassium at different val-
ues of x is a very difficult task. Our samples were
grown by the electrochemical deposition method de-
scribed in [10, 11]. The black with blue-green shine crys-
tals had roughly cubic shape, well-defined faces, and vol-
ume ranging from 0.2 to 2 mm3. We tried to obtain a
series of crystals with different potassium content cover-
ing as wide range of the superconducting transitions tem-
peratures Tc as possible, provided that the uniformity of
composition within every crystal is maintained. Since
even crystals originating from one batch have significant
variation of Tc (sometimes as large as 10 K), all samples
were preliminary tested by measurements of temperature
dependences of ac susceptibility. Only samples with the
narrowest and most regular superconducting transitions
were selected for further experiments.
Measurement of ac susceptibility χ(T ) = χ′ + iχ′′ in
application to superconductors is similar to the investi-
gation of dc resistivity. In our case the frequency of the
ac magnetic field excitation was 100 kHz and its ampli-
tude was less that 0.1 Oe. Static external magnetic field
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Figure 1: (a) Superconducting transition curves of
Ba1−xKxBiO3 crystals obtained by measurements of ac sus-
ceptibility χ′(T ). The definition of the transition point, which
is used in the paper, is shown for samples b and e; (b) the effect
of magnetic field B on χ′(T ) curves of the crystals (circles) a
and (squares) d. The field values (from left to the right) for
sample a : B = 0, 1, 6, 12 and 19.5 T; for sample d: B = 0,
0.067, 0.133, 0.2 and 0.27 T. Data for sample a are from the
paper [4]
.
up to 17 T was applied using superconducting magnet
perpendicularly to the measuring field. Samples were
not orientated in any special way in respect to the field,
though we checked that results were reproducable for dif-
ferent positions of the crystals. Tc point was determined
from the transition curve as an intersection of the tan-
gent that was drawn at the inflexion point and zero level
that corresponds to the normal state (see Fig. 1a).
Temperature dependences of the surface impedance
Z(T ) were measured using the resonance technique de-
scribed in [13] at ω/2pi = 28.2 GHz in 0.4-120 K tempera-
ture range. H011 mode of a cylindrical niobium resonator
was employed (the quality factor of the empty resonator
was ≈ 2 · 106 in all operating temperature range); ampli-
tude of the high-frequency magnetic field was less than
1 Oe. The experimental setup and method of measure-
ments are described in details in [14].
RESULTS
Temperature dependences of the real part of ac sus-
ceptibility χ′(T ) for all samples with different potassium
doping level that are studied in the present paper are
shown in Fig. 1a. (The transition temperature decreases
with increasing x.)
The superconductivity is suppressed when magnetic
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Figure 2: The upper critical field of samples a − e. Dash-
dot lines present Bc2(T ) dependences calculated using the
extended saddle point model [16]. The inset shows zoom in
of the left lower corner of the main graph. Solid lines are
theoretical BCS curves.
field B is applied. It is illustrated in Fig. 1b for sam-
ples a (the data for this sample are taken from paper [4],
that we published earlier) and d. Remarkably, in spite
of tremendous, more than ten times, difference of the
field magnitudes χ′(T ) curves of these samples that cor-
respond to the same reduced temperatures T/Tc have
about the same relative transition width and in general
are similar to each other. This fact is important, because
there is no method to find Tc point from a non-zero-width
transition curve that has a rigorous theoretical founda-
tion. The method we employ (Fig. 1a) is widespread,
but it is still possible that it introduces a systematic er-
ror. Figure 1 strongly suggests that this error, if any, is
identical for different samples.
Bc2(T ) curves for all samples studied are shown in
Fig. 2. For crystals c, d, and e with Tc = 14, 11, and 6 K
Bc2(0) does not exceed 1 T and the curvature of Bc2(T )
is negative. Temperature dependences of the upper criti-
cal field of these samples are in complete agreement with
the BCS model. The estimations of the coherence length
using formula Bc2(0) = Φ0/(2piξ(0)
2) give ξ(0) = 20, 30,
and 40 nm for samples c, d, and e respectively.
Bc2(T ) curves of crystals a and b (Tc = 32 and 22 K)
have positive curvature. The upper critical fields at T =
0 are dozens of times higher than that for crystals c, d,
and e, though available data are insufficient to make even
rough estimation of their magnitude. At the very least,
Bc2(0) of sample a is higher than 25 T, so ξ(0) is no
more than 4 nm. Dash-dot lines in Fig. 2 are plotted
according to the Abrikosov theory [15, 16]. The curves
are obtained by numeric solution of Eq.(15) from [16]
using the following parameters (for notation see [16]):
η = 1, α = 4pimxTc/µ1me = 0.8 for sample a; and η =
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Figure 3: Surface resistance R(T ) and reactance X(T ) in su-
perconducting and normal (fragment) states of sample d at
28.2 GHz. The inset shows ρ(T ) dependence in 10 < T ≤
100 K range.
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Figure 4: R(T ) and λ(T ) = X(T )/ωµ0 of sample d at low
temperature. The inset shows logarithms of (solid squares)
T∆R(T ) = T [R(T )− Rres] and (open squares)
√
T∆λ(T ) =√
T [λ(T )−λ(0)] in comparison to (solid lines) the predictions
of the BCS model; their slope gives the gap value ∆(0).
0.9, α = 1.2 for sample b [17].
Bc2(T ) curves shown in Fig. 2 demonstrate that the
nature of superconductivity in Ba1−xKxBiO3 is changed
with the increase of potassium doping: it turns from an
unusual one to the standard BCS kind.
Microwave measurements confirm this conclusion.
This technique reveals another important measure of su-
perconducting sample quality beside the width of super-
conducting transition — the residual surface resistance
Rres = R(0). It is well-known that the low-temperature
features of the surface impedance Z(T ) in the imperfect
crystals are masked by high level of the residual losses,
so they can be observed only in samples with the low-
est values of Rres. In the present work, only one of the
samples studied, sample d, satisfies this selection criteria.
Temperature dependences of the impedance components
for this crystal are shown in Fig. 3. For T > Tc the
normal skin effect condition R(T ) = X(T ) is fulfilled,
so the temperature dependence of the resistivity ρ(T ) =
2R2(T )/ωµ0 can be derived; it is shown in the inset.
Low-temperature parts of R(T ) and λ(T ) = X(T )/ωµ0
curves are shown in Fig. 4. In the same way as in clas-
sical superconductors, the resistance R(T ) of sample d
saturates at temperature-independent level of the resid-
ual losses Rres ≈ 11.5 mΩ for T < Tc/4 and the field
penetration depth reaches λ(0) ≈ 900 nm at T → 0.
As shown in the inset of Fig. 4, both quantities ap-
proach saturation levels exponentially, in complete agree-
ment with the BCS theory: R(T ) ∝ (1/T ) exp(−∆0/kT ),
λ(T ) ∝ (1/
√
T ) exp(−∆0/kT ), where ∆0 — is the su-
perconducting gap at T = 0. The values of ∆0 derived
from these curves agree well and give ∆0 ≈ 2.1 kBTc,
which means that the electron-phonon coupling constant
in Ba1−xKxBiO3 is not small. Using well-known BCS
equations, we obtain a number of sample parameters: the
relaxation time τ ≈ 6 · 10−13 s at T = Tc, average Fermi
velocity vF ≈ 3 · 105 m/s (which is about 3 times less
than the value following from the band structure calcu-
lations [1]), and carrier mean free path l ≈ 180 nm. Ac-
cording to these estimations crystal d is a clean London
superconductor.
Surface impedance of the optimally doped
Ba0.6K0.4BiO3 crystal (Tc ≈ 30 K) was measured
at 9.4 GHz in our paper [12]. Similar to the case
of tetragonal HTSCs, we observed practically lin-
ear temperature dependences of λ(T ) and R(T ) for
T < Tc/2 [12, 13]; their extrapolations to T → 0 give
λ(0) ≈ 300 nm and Rres ≈ 10 mΩ.
Hence, microwave measurements confirm that the na-
ture of superconductivity of samples with Tc = 11 K and
optimally doped samples is fundamentally different: the
former are BCS-type superconductors, and the latter re-
semble cuprate HTSCs.
DISCUSSION
The origin of the transition from HTSC-like to BCS
superconductivity in Ba1−xKxBiO3 compound, which is
revealed in the present paper, should be sought in trans-
formation of its crystal and electronic structure.
According to the hypothesis [10, 11], Ba1−xKxBiO3 is
formed from the homologous series of oxides BanBimOy
by means of potassium intercalation. Lattice of the ox-
ides consists of alternating BiO2 and BaO layers that
form a supercell, which size depends on the ratio n : m.
Potassium is intercalated into BanBimOy between adja-
cent BiO2 layers (”a bismuth planes”) leading to increase
in the number of Bi ions with the oxidation level 5+ in
4these layers. As a result BanKm−nBimO3m composition
is formed, meaning that x cannot assume an arbitrary
value but solely those that correspond to a rational frac-
tion n : m of Ba and Bi content. As shown in [19],
the anisotropic BanBimOy matrix has a mosaic struc-
ture at microscopic level, its lattice consists of ordered
blocks that are displaced by a period of quasi-cubic lat-
tice. When the fraction n : m goes down, the block
size decreases and the layered structure completely dis-
appears at n : m = 1 : 2. If these results are applied to
Ba1−xKxBiO3, then we find that a truly isotropic phase
is formed at x = 0.5 (n : m = 1 : 2) instead of x = 0.4
(n : m = 3 : 5). Local lattice anisotropy was indeed ob-
served in Ba0.6K0.4BiO3 by electron microscopy [18]. It
is not observed in macroscopic properties probably be-
cause of the mosaic lattice structure and easy twinning,
i.e., because of the absence of long-range order in the
positions of potassium.
The arrangement of potassium into layers and related
modification of the oxidation level of Bi ions in the adja-
cent bismuth layers leads to modulation of space charge.
In the case with the long-range order (for n/m ∼ 1) it
signifies formation of the charge density wave (CDW).
The very CDW is responsible for insulating state of
Ba1−xKxBiO3 for x < 0.4. As the size of lattice blocks of
BanBimOy matrix decreases, the long-range order disap-
pears, but the ”charge-density wave” is preserved at mi-
croscopic level defining the short-range ordering of potas-
sium until the layered structure of the matrix is com-
pletely destroyed. According to this concept, a residual
influence (”traces”) of CDW should be retained in the
metallic phase of Ba1−xKxBiO3 in the potassium con-
tent range from x = 0.4 to 0.5. Indeed, such traces were
observed in the Compton positron scattering [20] and IR
conductivity [21] experiments. Since high-temperature
superconductivity in Ba1−xKxBiO3 is observed roughly
in the same composition region, it is possible that the
traces of CDW play a crucial role in its origin.
A connection between the influence of CDW and su-
perconductivity may be established within the Abrikosov
model [15]. According to it many features of HTSC in-
cluding the high transition temperature, d-wave pairing
symmetry, and positive curvature of Bc2(T ) can be ex-
plained if the electronic spectrum contains an extended
saddle point (i.e., a flat piece of the equipotential surface)
and the Fermi energy is close to it. Suitable conditions
in Ba1−xKxBiO3 can be formed because of the influence
of CDW. According to [20] the traces of CDW are mani-
fested as a suppressed electron density of states near the
middle of diagonal of the Brillouin zone (point L); it is
exactly where the Fermi surface is located at x = 0.4 [1].
Assuming that the suppression forms a flat part of the
spectrum, we can apply the Abrikosov model to explain
all our observations: (i) the linear temperature depen-
dences of λ(T ) and R(T ) follow from d-wave symmetry
of the order parameter, and (ii) the upper critical field
traces of CDW
insulator
CDW
Abrikosov
model BCS
3:5 1:2n:m
x
Figure 5: The hypothetical phase diagram of Ba1−xKxBiO3.
Ba to Bi content ratios n : m that correspond to presumed
phase boundaries are indicated.
curves of samples a and b fit the theoretical dependences
well.
The Abrikosov model has a key advantage in respect
to application to Ba1−xKxBiO3: the dominating pairing
mechanism both in the Abrikosov and BCS models is the
electron-phonon interaction. Therefore, a transition from
one model to another can occur naturally.
The framework we propose is illustrated by the dia-
gram in Fig. 5. At small x the long-range order in po-
sitions of Bi5+ ions in the crystals is maintained, so the
charge density wave, which opens a gap at the Fermi
surface, is present and the compound is an insulator.
At the transition into superconducting metallic phase at
x = 0.4 (n : m = 3 : 5) the long-range order disappears,
but, presumably, a short-range ordering of bismuth ions
with different oxidation levels is preserved. It is man-
ifested in various ”traces” of the charge density wave,
one of which can be flat parts of the spectrum formed
due to the suppression of the density of states in the L
points in the Brillouin zone. Such flat parts of the spec-
trum put into play the Abrikosov model and leads to the
high transition temperature, d-wave symmetry of the or-
der parameter (and, consequently, to linear temperature
dependences of λ(T ) and R(T )), and positive curvature
of Bc2(T ). On further increase of x simultaneously the
short-range order is destroyed and the Fermi surface con-
tracts and move away from the degenerate point of the
Brillouin zone. Because of one or both of these reasons
the Abrikosov mechanism eventually breaks down, but
the electron-phonon coupling make sure that the super-
conductivity remains, now within the BCS model. If the
latter transition is caused by complete loss of the short-
range order (disappearance of traces of CDW), then it
probably takes place at n : m = 1 : 2 (x = 0.5).
CONCLUSIONS
To conclude, Ba1−xKxBiO3 compound is a unique ob-
ject exhibiting a transition from HTSC to BCS super-
conductivity with the increase of potassium doping x in
the metallic phase (x > 0.4). We observe it clearly in
measurements of temperature dependences of the upper
critical field Bc2(T ) and surface impedance Z(T ) of a
5series of Ba1−xKxBiO3 single crystals. The change of
the nature of superconductivity can be due to special
features of electron spectrum of Ba1−xKxBiO3 that are
related to residual influence of the charge density wave
and employment of the high-temperature superconduc-
tivity mechanism suggested by Abrikosov [15].
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